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We present the result of a search for the Standard Model (SM) Higgs boson in the 77 decay mode,
using approximately 2.3 fb~* of CDF Run II data, collected at the Tevatron pp collider at /s = 1.96
TeV. The search is performed considering the following signal processes: WH(— 77), ZH(— 77),
qHq’—qr7q’and gg—H— 77.

Events are selected by requiring an hadronic tau and one isolated electron or muon, coming from
the leptonic decay of one of the two taus. In addition, at least one calorimeter jet must be present
in the final state.

We expect 921.8448.9 background events in the 1 jet channel and 159.44+11.6 in the > 2 jets
channel, while in data we observe 965 and 166 events, respectively.

In order to improve the search sensitivity we employ a multivariate technique, based on a set of
Boosted Decision Trees trained to get the best separation between signal and the dominant sources of
background. We observe no evidence for a Higgs boson signal and therefore we set a 95% confidence
level (C.L.) upper limit on the cross section relative to the SM predictions ( o/osm). Results are
presented for the Higgs boson mass varying from My = 100 GeV/c* to My = 150 GeV/c?. For the
mass h_afg);)thesis of 120 GeV/c2 the observed limit is 27.2, while the corresponding expected value
is 23.47¢75.



I. INTRODUCTION

In the Standard Model the mechanism which provides masses to fundamental particles via electroweak symmetry
breaking predicts the existence of a neutral scalar particle, the Higgs boson. The mass of the Higgs boson is a free
parameter in the SM; however, direct searches at LEP experiments have set a lower limit of 114.4 GeV/c? at 95%
C.L., while precision electroweak measurements constraint its value to be less than 157 GeV/c? [1].

The dominant production mode at the Tevatron collider is gluon-gluon fusion which proceeds via a virtual top
quark loop, while the main decay process, for masses below 135 GeV/c2, is into a bb quark pair. Because of the
overwhelming QCD background in the gg—H— bb channel, the Tevatron experiments have focused their searches on
the Higgs produced in association with a Z or a W boson, where the Higgs subsequently decays into b quarks.

The analysis presented in this note explores the complementary decay mode into a pair of tau leptons. Although
the branching ratio of this process is smaller by one order of magnitude, a lot of sensitivity is recovered by including
four different production channels:

e WH(— 77)
o ZH(— 77)
e qHq'—qr7q’
e go—H— 77

The analysis is performed using 2.3 fb~! of data collected by the CDF detector. We select the events by requiring
that one of the two taus decays leptonically, while the other one is reconstructed by its hadronic decay products.

A multivariate technique, based on a set of the Boosted Decision Trees (BDTs) [2], has been adopted to provide a
more performing tau identification (ID) algorithm, with respect to the CDF standard cut-based selection.

The request of at least one additional calorimeter jet in the final state increases the sensitivity for vector boson
fusion events and for the Higgs associated production with a W or Z boson decaying hadronically. In this analysis we
require exactly two identified leptons; thus leptonic decays of W and Z are admitted only when the additional leptons
coming from them are lost or fail the identification requirements. Acceptance for Higgs coming from gluon fusion is
small, but signal yield is comparable to the other processes because of the much higher production cross section.

The sensitivity of the search is further enhanced by employing another set of BDTSs, trained to discriminate the
Higgs signal from the principal sources of background in events containing one or more than two calorimeter jets in
the final state. Since no evidence of a Higgs signal is found, a bayesian method is used to calculate the 95% C.L.
upper limit on the production cross section, based on the combination of the BDT templates defined for the two signal
channels.

II. DETECTOR DESCRIPTION

The CDF II detector is a cylindrically simmetric spectrometer surrounded by calorimeters and muon detectors.
The geometry is described using the azimuthal angle ¢ and the pseudorapidity 7 = — Intan(9/2), where ¥ is the polar
angle with respect to the proton beam axis. A complete description of the detector can be found elsewhere [3], here
we briefly present only the subsystems relevant for this analysis.

The charged particle tracking system consists of a set of silicon micro-strip detectors [4] [5], covering the region
|n| <2, surrounded by a 96-layer drift chamber (|| <1) [6] immersed in a 1.4 T solenoidal magnetic field, parallel to
the incoming particle beams. Outside the solenoid, sampling calorimeters segmented with projective tower geometry
are used to reconstruct electromagnetic showers and hadronic jets. The calorimeters are divided into a central
(In| <1.1) and a forward region (1.1< |n| <3.6). A set of strip and wire chambers, embedded in the calorimeter at
the approximate electromagnetic shower maximum (SMX), determines the shower shape and the centroid positions
and helps in discriminating photons from electrons.

A system of drift chambers and scintillation counters surround the calorimeters and are devoted to the detection
of muons. The integrated luminosity of pp collisions is measured by Cherenkov luminosity counters.

IIT. BOOSTED DECISION TREE: KEY TOOL OF THE ANALYSIS

The fundamental tool implemented in this search is represented by the Boosted Decision Tree multivariate analysis
method.



A decision tree is an event classifier based on a sequence of rooted binary splits, performed using a set of dis-
criminating variables. Given a training sample made of known signal and background events, repeated decisions are
performed: at each node the variable and the split value which give the best separation are selected and two classes
(or child nodes) are created. When a predefined criterium is met, the splitting sequence stops and the terminal nodes,
called leaves, are tagged as signal (S) or background (B) according to the purity of the content; a score of +1 or -1 is
then assigned to each event depending on the leaf type.

The boosting consists in the creation of a forest of trees: training events which were misclassified in one tree, have
their weight increased in the subsequent one. For each event the final score is finally given by the average of the
different tree outputs. The boosting procedure stabilizes the response of the decision trees and makes the algorithm
more robust and less sensible to fluctuations in the samples.

Once a trained BDT is applied to a sample with an unknown composition of signal and background, two different
approaches may be adopted to benefit from the discriminating power of the algorithm:

e by simply placing a lower cut on the classifier output response, a fraction of the events is retained, with a higher
efficiency for the signal component with respect to the background;

e by keeping the whole output distribution, all the information coming from the shapes can be exploited to
discriminate signal against background.

The first approach is employed in the definition of the new tau ID algorithm, while the second one is adopted for the
final sensitivity optimization of the analysis. A more detailed description will be provided in section [M and [VITI],
respectively.

IV. LEPTON IDENTIFICATION

Tau leptons are very short lived particles, which can be detected by CDF only through their decay products.
Hadronic decays, denoted as Thaq have a branching ratio of about 65% and their signature is characterized by very
narrow jets in the calorimeter, matching reconstructed tracks (mainly charged pions) and 7°’s. The remaining channels
are represented by the leptonic decays into muons (7,,) or electrons (7.). Depending on the combinations of these
modes, several possible final states are defined for the H— 77 search, with different branching ratios and background
contributions. In this analysis we consider only the 7,7, and 7,7,channels, corresponding to the 46% of all possible
combinations.

Events are collected with a dedicated trigger which requires one electron or muon candidate, with transverse
momentum pr > 8 GeV/c and one additional isolated track with pt > 5 GeV/c, which is used as a starting point
for the hadronic tau reconstruction.

Electrons and muons are fully reconstructed off-line and must satisfy several quality requirements. In particular,
electron candidates need to be associated to a well-measured track and must have an energy cluster consistent with
originating from an electromagnetic shower. Muons are identified by a charged track releasing a small amount of
energy in the calorimeter and matched to a reconstructed track segment in the muon chambers. In addition, both the
electron and the muon have to be isolated such that the sum of the transverse energies for the calorimeter elements
in a cone of AR = \/Ap? + An? <0.4 around the lepton is smaller than 10% of the electron transverse energy E1 or
muon pr.

The hadronic tau system is identified by building a signal cone (8 < 6;4) around a good quality seed track having
pr > 6 GeV/c and satisfying the trigger level isolation requirements . Because of the Lorentz boost, the collimation
of the tau decay products increases with the original energy of the tau; as a consequence, ;4 is defined as a function
of the energy of the calorimeter cluster of the candidate (Ec1y), i.e. 059 = min(0.17, 5.0 GeV /Ec,) rad.

Since the neutrino is not detected, only a partial reconstruction of the tau momentum is possible: charged and
neutral pions are used to build the so called “visible” four-momentum, defined as p¥'s = Lptrack 4 Ep”g. On the other
hand, by demanding no additional charged tracks or 7%s in the isolation region Osig < 8 < s outside the signal
cone (where 0is, = 0.52 rad) it is possible to suppress the background represented by jets originating from guarks or
gluons.

This search is based on the requirement of only one (1-prong) or three (3-prong) tracks with pr > 1 GeV/c in
the signal cone, such that the resulting charge is +1. Instead of the common CDF cut-based selection, we apply
a different identification strategy: candidates are selected by means of a set of Boosted Decision Trees, which are
trained to discriminate real hadronic tau decays against QCD jets, by exploiting all the information available in the
signal and in the isolation regions.

Dedicated BDTs are defined for several tau subcategories, accordingly to the visible energy and the track multiplicity
of the candidates; a lower cut is set for each BDT output distribution, in order to keep the identification efficiency at
the same level of standard CDF selection and to maximize the jet fake rejection.



Finally, also electrons and muons, which could mimic the tau signature by depositing large amounts of energy in

the electromagnetic calorimeter are removed, by applying a cut on [% X (1 — %)] > 0.2, where P, E¢o; and Eep,

are the scalar sum of the momenta of all tracks in the signal cone, the total and the electromagnetic cluster energies,
respectively.

V. EVENT SELECTION

The general strategy of this analysis is to apply very simple and minimal requirements to keep Higgs acceptance as
high as possible, and then rely on a multivariate technique to exploit all the kinematical and topological information
to discriminate signal against the principal sources of background.

The final selection consists of exactely one central isolated electron(muon) with offline Er(pr)> 10 GeV(/c) and
one central hadronic tau with visible pr > 15 GeV/c. The two reconstructed leptons must have opposite charges,
need to be spatially well separated (AR >0.4) and come from the same interaction point. In addition, the good
quality reconstructed primary vertex is required to be in the region consistent with the beam-beam interaction.

In order to further clean up the event candidate selection and increase the signal purity, we then apply the following
requirements:

e Electrons which are likely originating from photon conversions are removed;
e Events which come from cosmic rays interactions in the detector are rejected;

e Events with tau candidates which are likely muons with a large deposite of energy in the calorimeter due to
brehmstrahlung, are rejected;

e Events in the 7.7p44 case, where the hadronic tau is a 1-prong with Fh.q/P < 0.4, and the invariant mass of
the dilepton system lies between 80 and 110 GeV/c?, are vetoed to suppress Z—ee contribution.

Calorimeter jets are clustered with a fixed cone size of AR < 0.4 and are required to be well separated from the
identified leptons, have an electromagnetic fraction smaller than 0.9, an Er, corrected for instrumental effects [16],
greater than 20 GeV and a || smaller than 2.5.

The missing transverse energy K, defined as the vector sum of all the calorimeter tower energy depositions projected
on the transverse plane, is used to identify the presence of neutrinos in the final state. The H, is corrected for the
presence of muons, when their calorimeter deposit is different from the track-derived momenta, and for the corrections
applied to the energy of all jets with raw E1 > 10 GeV and |n| <2.5.

VI. BACKGROUND AND SIGNAL ESTIMATE

The processes which contribute to the expected event yield of our analysis selection are modeled by Monte Carlo
(MC) simulations and data-driven techniques.

We determine the geometrical and kinematical acceptances of the signal and of the main sources of physics irreducible
backgrounds, including Z/v* — 77, Z/v* — uu/ee, tt, WW, WZ and ZZ, by using samples of simulated collision
events: Higgs, top-antitop and diboson processes are generated with PYTHIA MC [§], while multiparton final states
for Drell-Yan plus jets events are estimated using ALPGEN [d], matched with PYTHIA for the hadronization and
parton showering. The initial state momenta of partons are modeled by using CTEQS5L parton distribution functions
(PDF’s [14]). A GEANT-based run dependent simulation [i] models the interaction of all final particles in the detector
subsystems.

The expected number of events for each MC-derived processes is obtained by considering the corresponding theoret-
ical cross sections and by scaling to the data sample luminosity covered by this search; correction factors are properly
applied on an event by event basis, for the effects due to the trigger requirements, the z-vertex position and for the
lepton reconstruction efficiencies, as summarized in the following formula:

N* = 0" x A’ X 4rig X €D X Evix ¥ /Ldt (1)

where 4 refers to the considered background process, ¢ is the corresponding cross section, ey, is the trigger efficiency
given by the product of the tau and the other lepton (electron or muon) trigger efficiency, e1p = €rptau X €IDlep i the
resulting ID scale factor for the two identified leptons, €,tx is the run dependent efficiency of the z vertex position
requirement, [ Ldt is the luminosity used in the analysis, A' is the acceptance for the process under investigation.



The tau BDT-based identification efficiency MC correction factor has been evaluated by comparing data to the
background expectations in the Z/y* — 77 control region. A data-based procedure is applied for the estimation of
the following background processes, coming from misidentified leptons:

e v + jet, where the photon undergoes conversion and fakes an electron, and the jet is misidentified as a hadronic
tau;

e QCD multijet, where one jet fakes a tau and another one fakes an electron or a muon;
o W— lv+jets, where one of the jets in the final state fakes the hadronic tau.

In the first two cases no correlation is expected between the charges of the two reconstructed lepton candidates; as a
consequence, the number of opposite sign (OS) events (Qep X Q= -1) is approximately equal to the number of same
sign (SS) events (Qiep X @-= 1). The latter can therefore be used to provide an estimate of y+jet and QCD multijet
fake background.

Also W+jets events give a contribution to the SS data samples; however, in this case a clear correlation appears
between the charge of the lepton coming from the W boson and the charge of the outgoing quark, which generates
the jet faking the hadronic tau: this results in an excess of OS events. This W-jets extra contribution, which needs
to be added to the total background prediction, is estimated by comparing data to ALPGEN MC expectation in a
W+jets enriched control region, obtained by loosening the tau ID requirements and by applying a cut on H, > 25,
30, 35 GeV (for the 0 jet, 1 jet and > 2 jets cases respectively) and on the transverse mass of the lepton and the H,
Mr(lep, i )> 40 GeV/c2.

VII. CONTROL SAMPLES AND SIGNAL REGIONS

We classify the selected events by the number of identified jets in the final state: the “1-jet” and “> 2 jets” channels
are studied separately and used for the Higgs signal search, while events with no jets are used to build several control
samples, useful to test the background normalization and modeling. These control samples are orthogonal one from
each other and are defined by the following requirements:

e QCD region: K, < 10 GeV
o 7Z/y* — 77 region: Ky > 10 GeV & Mr(lep, Bp) < 60 GeV/c?
e W-jets region: B > 10 GeV & Mt (lep, By ) > 60 GeV/c?

In each control region we find a good agreement between the background estimations and the observed number of
events, as summarized in table[ll In figure [l and B the invariant mass of the lepton (electron or muon) and hadronic
tau system and the visible mass of the hadronic tau, for the three control regions, are reported.

The expected background, the signal yield and the observed data for the 1 jet and > 2 jets signal samples are
summarized in table [, while figures Bl and Bl show some significant kinematics and tau identification distributions.

Background source QCD C.R. Z/v* — 71 C.R. W-jets C.R.
Z/vF — 1T 1610.4 =+ 72.2 17355 &+ 73.0 42.0 + 1.9
Z)v* — ee/up 1206 + 54 440 + 20 69 + 03
WW/WZ/ZZ 12 £ 01 97 + 08 149 + 1.2
tt 0.011 £ 0.002 0.10 =+ 0.02 024 +£ 0.05
fakes from SS data 2542.0 + 254.2 594.8 + 59.5 137 + 13.7
add-on W+jets 13.3 + 0.7 112.2 &+ 5.6 180.1 =+ 9.0
Total Background 4287.8 + 203.9 2496.3 =+ 54.9 381.4 4+ 149
Data 4433 2501 386

Total Signal (Mg = 120 GeV/c?)  0.63 + 0.11 1.253 + 0.203 0.126 + 0.016

TABLE I: Event yield in the O-jet control regions, with 2.3 fb~! of CDF data.
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FIG. 2: data-MC comparison in the 0-jet control regions.

Signal channels My = 120 GeV/c?

Background source 1 JET > 2 JETS
7y — 1T 3579 + 33.1 59.3 + 8.8
Z/v* — ee/uu 26.4 + 2.0 4.8 =+ 0.7
WW/WZ/7Z 39 + 0.4 09 + 0.1
tt 4.6 + 0.6 16.3 + 1.9
fakes from SS data 483.0 + 483 64.0 =+ 6.4
add-on W+jets 45.8 =+ 8.2 141 + 4.2
Total Background 921.7 4+ 489 1594 + 11.6
Data 965 166

ggH 0.535 4+ 0.154 0.129 + 0.092
WH 0.091 + 0.010 0.150 + 0.014
ZH 0.050 £+ 0.005 0.099 + 0.009
VBF 0.070 4+ 0.009 0.099 + 0.013
Total Signal 0.746 + 0.163 0.477 + 0.121

TABLE II: Event yield in the 1 jet and > 2 jets channels, with 2.3 fb~! of CDF data.




CDF Run Il Preliminary

f Ldt=231f"

L1 jet signal channel

Events

3
* DATA
W7y s
2y > ee
Wzy -uu

200
L

[Jtakes from SS data
[ add-on W+jets

[Etop
[ diboson

100 g

40

60 80
lepton p. [GeV/c]

(a) Lepton(e/u) pr

CDF Run Il Preliminary

f Ldt=231"

[1 jet signal channel

* DATA

Wi

Events

200

2y > ee
W2y -
[fakes from SS data

150

[add-on
[Htop
[ diboson:

Vet

100

50

40

60 80

MET [GeV]

(d) Missing transverse energy

CDF Run Il Preliminary

f Ldt=231"

7

400

1-iot-gi |
t-jet-signat-channel

Events

< DATA
Wzy--
2y > ee

Wzy-u

300

i

[Itakes from SS data
[ add-on
[Mtop

[ diboson

ets

200

100 =

=T

20 40

(g) Leading

e

60 80
1st Jet Et [GeV]

Jet ET

Events

Events

CDF Run Il Preliminary f Ldt=231"

[1 jet signal channel

7
* DATA

W2y b

200(

G S ee
W2y ->un
[[fakes from SS data

150

100

50

0720

150

100

50

0o 50

[ adid-on Wajet:
[Htop
[ dibosen

o

60 ) 80
TP, [GeV/c]

(b) Tau pr

CDF Run Il Preliminary
|1 jet signal channel DATA

L Wzy -

L ZIy - ee

r W2y -un

[ fakes from SS data
[} add-on Wajets
Wtop

[ diboson

f Ldt=231"
J

100 ‘2 150
MT(Iep,MET) [GeV/cT]

(e) Transverse mass of the lepton-KE
system

Events

150

100

CDF Run Il Preliminary
[1 jet signal channel

DATA
L W2y e
k Zy* - ee
t Wzy—>up
I:l fakes from SS datd
[ add-on Waet:
[ top
[ diboson

[ Ldt=231b"
J

A<I>Iep.MET

(h) A¢p between lepton and E

FIG. 3: data-MC comparison in the 1-jet signal channel:

CDF Run Il Preliminary

f Ldt=231"

[1 jet signal channel

Events

3

* DATA
Wz e
2y > ee

150

Wz
[] fakes from SS data
[X] add-on Wjets

[Mtop

100

i
8

[ diboson-

100 15
My [GeV/c?]

(¢) Invariant mass of the lepton-tau

system

CDF Run Il Preliminary f Ldt=231f"
% :1 jet signal channel T, DATA
g [ Wzr o
@ 200f yeores
L W2y sun
r l i [takes from SS data
1 - [ add-on W-jets
501 % o
[ ﬂ [Maiboson
100
50
== I el
% 300
Ht [GeV]

(f) ZET of the reconstructed objects

in the event

CDF Run Il Preliminary [ Ldt=231"
£ [1 jet signal channel 7
< L' letsig * DATA
> 150 W2y =1
w L 2y > ee

100ﬁj

Wzy-uu
[[Jfakes from SS data
[ add-on W+jets

L

[Eltop
[ diboson

T
\—‘# L

%

Sop ﬁ%

A¢T,MET

(i) Ap between tau and B

kinematic variables



Events

Events

CDF Run Il Preliminary [ Ldt=231b" CDF Run Il Preliminary [ Ldt=231b" CDF Run Il Preliminary [ Ldt=231b"
L1 jet signal channel - o DATA g L1 jet signal channel o DATA 42 [1 jet signal channel i o DATA
r Wzy i Qo r Wzy -1t 4 [ Wzy -
800 s ee w [ 2y > e w r 2 e
i Wz 150 Wzopn 200 W2y
L [fakes from SS data r [[fakes from SS data L [ fakes from SS dai
600 : [ add-on Wjet: r [ add-on W-jets L ‘ [ add-on W+jets
L [Htop [ [ top [Htop
r [T dibosor 100F [ diboson r ,+ [ diboson
400 ‘ I
L I i 100
; 50¢
200 F
[ — [
[ [ t g .
% 1 2 4 s %20 40 60 80 20 40 60
Ntracks in T cone T CalEt [GeV] T seedtrack Pt [GeV/c]
(a) Number of tracks(pt >1 GeV/c) (b) Tau calorimeter Ex (¢) Tau seed track pr
in tau signal cone
CDF Run Il Preliminary f Ldt=231f" CDF Run Il Preliminary [ Ldt=231" CDF Run Il Preliminary f Ldt=231f"
6001 jet signal channel i o % 300t jet signaf channel - T % H jet signal channel ’. DATA
L W2y - Qo [ W2y -ec 4 r Wy >t
Ziy* - ee L [ Ziy* - ee w r Ziy* - ee
r Wzr-un r Wz -un 600 Wz
r [[takes from SS data [ L [ takes from SS data r [[takes from SS data
| [add on Wajet 200 = [ ada-on Wijets H [ add-on Wajets
4007 ‘ [Mtop r T | [Etop 1 Eer
[ diboson 3 [ diboson 400 e
200 100~ E
I || — 200
L . L Y
i Il_%:#:,_.,
9270 00 0.1 0.2 8o~ o5 10 15 20 8o o5 10 15 20
T seedtrack DO [cm] 1 Ehad/P T SumPt (10-30) [GeV/c]
(d) Tau seed track impact parameter (e) Tau Epaqyp (f) Sum of pr of all tracks in the tau
isolation cone
CDF Run Il Preliminary [ Ldt=231" CDF Run Il Preliminary f Ldt=231f"
% |1 jet signal channel - o DATA % j jet signal channel i + DATA
< L W2y e 4 [ W2y
w L Ziy > ee W 300 " .00
Wzy-pp W2y ->un
1000 [T akes from SSidata [ takes from SS data
[ add-on Wajet: [ add-on Wajets
[Etop [top
[ diboson 200 [Jdiboson
500
100
8.0 1.0 % 2 3

0.5 .
T SumPiOEt (10-30) [GeV]

(g) Sum of Et of all 79°s in the tau
isolation cone

FIG. 4: data-MC comparison in the 1-jet

1 Visible Mass [GeV/c?]

(h) Tau visible mass

signal channel: hadronic tau variables



events

events

events

CDF Run Il Preliminary [ Ldt=231b" CDF Run Il Preliminary [ Ldt=231"
[> 2 jet signal channel i . DATA g :2 2 jet signal channel 7 « DATA g
L W2y - o W2y -t 3
e ® 60 G S ge o
60 L
L Wzv -up W7y -un
L [fakes from SS data r [[fakes from SS data
T [ add-on W-+jets L e [ add-on W-jets
[ [Htop 40 Htop
40 [diboson L [ diboson:
I %‘7
20F i 20
L |

Ty

—

07720 40 60 80 60 80
lepton p. [GeV/c] T p; [GeVic]
(a) Lepton(e/p) pr (b) Tau pr
CDF Run Il Preliminary [ Ldt=231" CDF Run Il Preliminary [ Ldt=231"
= 2 jet signal channel i o DATA g [> 2 jet signal channel | DATA 42
L Wzr - o r |_EAas g
| 2 06 ® 40 " )
Wz ->up [ Wzy-np
40 ‘ [CHakes fronrss-datar t [ fakes from SS data
L [ add-on Wi+jets [ [ add-on W+jets
[top 30¢ ‘ Wtop
r [ diboson [ [ diboson
ﬁﬁ | 20f
20 +U ‘ [ ;Lﬁ‘
f 1 1 10 [ ;‘ ‘
L {.f 1 Ly
% 20 40 60 80 % 50 100 " 50
MET [GeV] M-,-(,ep’MET) [GeV/cT]

(e) Transverse mass of the lepton-KE
system

(d) Missing transverse energy

CDF Run Il Preliminary [ Ldt=231b" CDF Run Il Preliminary [ Ldt=231"
:2 2 jet signal channel § o DATA % [> 2 jet signal channel 7 < DATA %
40 W2z 2 L Wzy -1 4
r 2y - ee o 2y > ee o
[ Wzr-n 20 [
r I:llakes from SS data [ I:l fakes from SS|data
301 : [ sdd-on Wijets L — ‘ [l add-on wqa{
L [Mtop [ e [ toy e
r [ diboson diboson
20 ‘ -
r 10 feff
10 HL

80 0 1

20 40 60
1st Jet Et [GeV]

A<I>Iep.MET

(g) Leading Jet Ex (h) A¢p between lepton and E

CDF Run Il Preliminary

f Ldt=231"

60 > 2 jet signal.channel

7

* DATA
W2y e
77 > ee
W2y -un
[ fakes from SS data

40

[ cid-on Waiets
[Etop
[}

liboson

20

system

CDF Run Il Preliminary

100
My [GeV/c?]

(¢) Invariant mass of the lepton-tau

f Ldt=231f"

o iors
402 2 jet signal channel

7

Wzy o
Ziy > ee
W2y -

30 |

[[akes from S datar
[ add:on W-jets

[Htop
[Cdiboson

L
S ol

s

100 200

in the event

-

L
300
Ht [GeV]

400

(f) ZET of the reconstructed objects

CDF Run Il Preliminary [ Ldt=231"
> 2 jet signal channel 7 « DATA

r W2y >

= Zy* > ee

Wzy—un

20

I:lla es from SS data
[ add-on W+jets
Mo

[ diboson

%

A¢’E,MET

(i) Ag between tau and B

FIG. 5: data-MC comparison in the > 2 jets signal channel: kinematic variables.
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FIG. 6: data-MC comparison in the > 2 jets signal channel: hadronic tau variables.
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VIII. SENSITIVITY OPTIMIZATION

After applying the event selection, the background expectation is still significantly larger then the expected Higgs
boson signal.

In order to increase the search sensitivity, we employ a multivariate technique, based on the BDT method, which
allows to exploit all the event information by combining the discriminating power of different kinematic and topological
variables into one single output variable, useful to extract the small signal from data.

In this search we consider the two signal channels (1 jet and > 2 jets) separately and we train several independent
BDTs, each of them optimized to get the best separation between a realistic mixture of all Higgs signal processes and
one of the three dominant sources of background which appear in the event selection: Z/y* — 77, QCD and t¢, the
latter only for the > 2 jets channel.

The procedure is repeated for each Higgs mass, ranging from 110 GeV/c? to 150 GeV/c?, in steps of 10 GeV/c2.
The best results in terms of sensitivity are achieved when we define the final discriminant distribution as a combination
of all the BDT outputs, by keeping for each event the minimum score among the different BDT's.

The final 1 jet and > 2 jets BDT score distributions, for the Higgs mass hypothesis of 120 GeV/c?, are shown in
figure [d and in figure
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9% 05 0.0 up 0.5 0.0
BDT output (minimum score) BDT output (minimum score)
(a) 1 jet signal channel (b) > 2 jets signal channels

FIG. 7: Final discriminant templates for the Higgs mass hypothesis of 120 GeV /c?.

IX. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainties, which can influence both the expected event yield and the shape of the
distributions, affect the sensitivity of this search and have to be appropriately accounted for, by propagating their
effect to the final discriminant distributions.

Since our event selection is characterized by the number of reconstruted jets in the final state, the analysis turns
out to be particularly sensitive to the uncertainty assigned to the jet energy scale and has been evaluated by applying
+1 o variations to the default jet energy correction factors. In particular, a change of the absolute corrected energy of
the jets (selected by a lower threshold of 20 GeV on their transverse energy), could lead to event migrations between
the different jet multiplicity channels, and then affects the kinematic acceptances of each signal and MC-derived
background process.

The uncertainties on the WW/WZ/ZZ and £ cross sections are assigned to be 6% [11][12] and 10% [13] respectively.
For Drell-Yan processes we take a value of 2.2%, related to previous CDF measurement uncertainties [[17). The four
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FIC. 8: Final discriminant templates in logarithmic scale for the Higgs mass hypothesis of 120 GeV /c?.

Higgs production mechanisms under consideration have different theoretical cross sections uncertainties: 10% for
vector boson fusion, 5% for the associated productions and 23.5%(67.5%) for the gluon fusion in the 1 jet and > 2
jets channels, respectively [14].

We assign an additional acceptance uncertainty of 2.3% to the Drell-Yan background, which has been estimated
from the difference between the acceptance derived with ALPGEN and PYTHIA generators.

Systematics due to the modeling of initial (ISR) and final state radiation (FSR) have been evaluated for the Higgs
signal processes, by considering the acceptance variations in dedicated MC samples, where the strength of ISR and
FSR, in the parton showering processes, are increased or reduced by 1 o: the major effect, up to 15%, is for the gluon
fusion case.

Uncertainties related to the parton distribution function modeling are evaluated by applying a re-weight procedure
on the MC samples and by comparing the default CTEQS5L model with several alternative sets of PDFs (MRST72,
MRST?75 and 20 orthogonal CTEQ6M). We quote the values which have been calculated in [18].

Several other common CDF analyses’ systematics related to MC predictions (electron and muon identification
efficiency, trigger efficiency, luminosity measurements) are all incorporated within the uncertainty on the tau ID scale
factor, which is obtained by scaling MC expectations to data in the Z/y+ — 77 control region: when this scale factor
is applied, these sources cancel out. At the same time new kinds of systematics appear and need to be accurately
propagated throughout the analysis: the main contributions come from the number of observed OS and SS events,
the estimated W+jets rate, the Drell-Yan cross section and acceptance uncertainties.

Concerning the data-derived background, we assign a 10% of uncertainty to the fake contribution estimated from
SS data and a 5%, 18% and 30% to the additional W+jets events coming from OS/SS asymmetry, for the 0 jet, 1 jet
and > 2 jets channels respectively.

The complete set of systematics uncertainties is summarized in table [Tl

X. RESULTS

The observed number of events in the two signal channels is consitent with the standard model background expec-
tations: since no evidence for a Higgs boson signal is found, the discriminant distributions defined, for each channel,
as a combination of the scores of the trained BDTSs, are used as templates to set bayesian 95% C.L. upper limits on
the SM Higgs production.

All systematic uncertainties are appropriately treated in the limit calculation, by taking into account all the possible
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Systematic uncertainties (%)

Background Signal

Source Z/— 1l tt diboson fakes from SS W+jets| ggH WH ZH VBF
JES (0 jet) 0.6 -190 09

(ljet)  +62 -7.7 +7.1 451 -4.8 -53 -37

(> 2jets) +14.2 +3.2 +11.7 +13.2 +5.4 +4.8 +5.2
Cross section (0 jet) +2.2 4+10.0 +6.0

(Ljet)  +22 4100 +6.0 4235 +5 +5 +10

(>2jets) +22 +10.0 +6.0 4675 +5 +5 +10
PDF +1.0 +1.0 +1.0 +4.9 +1.2 40.9 42.2
ISR (1 jet) +13.0 6.1 -1.7 -2.9

(> 2 jets) 4155 -1.5 +0.1 -2.7
FSR (1 jet) 5.0 +4.3 +1.0 +1.7

(>2 jets) 5.2 -21 +04 -1.1
SS data +10.0
W-jets scale (0 jet) +5.0

(1 jet) +18.0

(> 2 jets) +30.0
Acc.(DY) +2.3
tau ID SF:
Nobs +2.8 +2.8 +28 +2.8 +2.8 +2.8 +2.8
Nssaata 3.3 33 -3.3 -3.3 -33 -33 -33
Nw tjets -0.3  -0.3 -0.3 -0.3 -0.3 -0.3 -0.3
cross section(DY) 21 -21 21 -21 21 -21 -21
Acc.(DY) 22 22 -2.2 -2.2 -2.2 -22 -2.2

TABLE III: Systematic uncertainties on the background and signal, expressed in %.

correlations and dependencies: a set of 10000 MC background-only pseudoexperiments, generated by varying the
different process expectations accordingly to the assigned uncertainties, provide the 95% C.L. limit. The two channels
are combined and the results, for the expected and the observed limits are shown in figure @ and summarized in
table [\l for the different Higgs boson masses.

Higgs Mass Expected limit/o(SM) Observed limit/o(SM)
GeV/c? |20 -1 0 median + 10 + 20
100 15.2 20.1 282 404 56.6 37.6
105 13.4 178 252 352 48.0 34.5
110 13.1 172 239 342 482 34.8
115 13.8 177 245 354 50.2 27.9
120 13.1 17.0 234 332 46.8 27.2
125 14.5 188 26.5 37.8 52.6 25.3
130 15.5 20.3 281 40.3 56.9 30.0
135 18.4 23.8 33.7 482 65.6 30.3
140 22.6 29.6 41.2 58.6 81.2 38.2
145 31.2 41.0 574 819 1148 46.3
150 45.1 59.1 82.6 118.0 166.5 67.0

TABLE IV: Expected and observed 95% C.L. limit for each mass point.

XI. CONCLUSIONS

We have presented a search for the Standard Model Higgs decaying into a tau pair with an integrated luminosity
of 2.3 fb~! in events selected by requiring one lepton (electron or muon), one hadronically decaying tau and at least
one jet.

We expect 921.7+48.9 background events in the 1 jet channel and 159.4+11.6 in the > 2 jets channel, while we
observe 965 and 166 events, respectively.
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FIG. 9: Expected and observed limit as a function of the Higgs mass.

The limit at 95% C.L. on the cross section times the branching ratio of the Higgs boson decaying to tau pairs has
been computed in the 100-150 GeV /c? mass range, in steps of 5 GeV/c2. The value of the expected(observed) o /o sy
limit for an Higgs mass of 120 GeV/c? is 23.4 (27.2).
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